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Abstract
ZnSe and ZnS are the prototype II-VI semiconductors and their cubic phase, which occurs naturally as a mineral, has been called
the zinc-blende structure. ZnSe has received particular attention as a blue-lasing material and tremendous experimental efforts
have been made to fabricate a sustainable ZnSe blue laser. On the other hand, the ternary system ZnSxSe1-x is a good candidate
for developing optoelectronic devices such as light emitting diodes (LEDs) or semiconductor lasers. It is also used as waveguides
and confinement layers in laser diodes (LDs).
In the present study, we have computed the electronic and optical properties of ZnSe, ZnS and ZnSxSe1-x using the local model
pseudopotential method under the VCA. A central aim of this study is to present the electronic and optical properties of the
materials of interest in the zinc-blende structure.
© 2009 Elsevier B.V.
PACS: 71.20.Nr; 71.20.-b; 73.61.Ga; 71.15.-m
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1. Introduction
The wide band gap II-VI semiconductors are efficient emitters in the blue to UV spectral range and are likely
candidates to replace materials like GaN in light emitting laser diodes [1]. ZnS has a band gap energy of 3.6 eV [2],
displays a high refractive index [3], and a high transmittance in the visible range [4, 5] making this material a strong
candidate for use in optoelectronic devices. However what make this material so intriguing is its various
luminescent properties. ZnS not only exhibits photoluminescence [6] but also acousticluminescence [7],
triboluminescence, electroluminescence [8, 9], and thermoluminescence [10], lending the material to promising
applications in flat panel display, sensors, and lasers. CdTe and ZnSe have direct band gaps of 1.4 eV [11]
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and 2.8 eV [12] respectively. CdTe has a high optical absorption coefficient making it ideal for investigation in solar
cells and other photoelectric devices [13], while ZnSe could potentially be used in short wavelength lasers [14, 15].
2. Computational method
The basis of EPM [10,11] is the plane wave expansion of the wave function plus the use of a smooth
pseudopotential. In this method, one assumes that the self-consistent crystal pseudopotential can be written as a sum
of atomic contributions, i.e.,
j
j,
V(r) v (r R r )α α
α
= − − (1)
where j runs over the unit cells positioned at Rj and α is the atom index, the atomic position within the unit cell
being given by rα . With local pseudopotentials, the matrix elements of V between plane waves can be written as
k G V k G S (G G)v (G G)β β
β
′ ′ ′+ + = − − (2)
where Sβ and vβ are, respectively, the structure and form factors of the corresponding atomic species, defined by
iGr1S (G) e
n
ββ
β
=  (3a)
and
iGr 3nv (G) v (r)e d rβ β= Ω  (3b)
where Ω is the volume of the unit cell and n the number of atoms in the unit cell.
Generally only six pseudopotential form factors are allowed to be non-zero, which can be justified by the cutoff of
the strong core potential.
3. Results
3.1. The electronic band structures of the binary compounds ZnS and ZnSe
In this part the electronic properties of the binary compounds semiconductor ZnS and ZnSe are studied. The
adjusted form factors of the semiconductor binary compounds are illustrated in table 1. By using these parameters, it
has been found that the gaps of energy are in good agreement comparatively with those of the experiment. Table 2
summarizes the results found for the semiconductor binary compounds. In fact, the gaps found are, in general, in
concord with the experiment.
Table 1: Symmetric (VS), antisymmetric (VA) form factors (Ryd) and lattice constant (at. units) for ZnSe and ZnS.
Compound a (u.a) VS(3) VS(8) VS(11) VA(3) VA(4) VA(11)
ZnSe 10.7146 -0.356418 0.021262 0.293080 0.030061 0.116 0.355705
ZnS 10.2268 -0.343470 0.021262 0.267979 0.030061 0.116 0.289762
The band structure of each binary compound is calculated and represented with respect with them in Fig. 1. It can
be noticed that starting from these energy spectra, that the maximum of the valence band is located at the point of
high symmetry Γ ( V15Γ ) and the minimum of the band of conduction is on the level of the same point of high
symmetry Γ ( C1Γ ), which means that the energy gap of the two compounds semiconductors ZnSe and ZnS is direct.
By using the energy values of the level Γ, X and L, deduced from Fig. 1, the direct gap ΓΓE presents a value of
2.82 eV for ZnSe and 3.66 eV for ZnS. Moreover, it can be noticed that a topological resemblance between the
studied electronic band structure and those published in the literature (tables 3 and 4). It is also noticed that there is a
gap between the first and the second valence band as in point X; this gap is connected to the difference in the
potentials of the cations and anions. This antisymmetric gap was proposed as a qualitative measurement of the
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ionicity of the crystal what confirms the proposal of Chelikowsky et al. [16] and affirms the results found by
Bouarissa et al. [17]. The Calculation of this gap antisymmetric for the binary compounds and the results are
mentioned in table 5.
Table 2: Band-gap energies of ZnSe and ZnS.
Band-gap energy (eV)
EΓΓ
XEΓ
LEΓ
X
XE
L
LECompound
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.
ZnS 3.66 (a) 3.66 4.45 (c) 4.45 4.40 (e) 4.82 6.60 (f) 5.76 5.8 (g) 5.76
ZnSe 2.82 (b) 2.82 4.49 (d) 4.49 3.80 (e) 3.92 6.00 (b) 5.57 4.91 (b) 4.90
(a) [18], (b) [19], (c) [20], (d) [21], (e) [22-24], (f) [25], (g) [26]
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Fig. 1. Band structure for ZnS and ZnSe.
Considerable effort has been made to interpret trends in the optical gaps in terms of the chemical bonding and
ionicity of the crystal. The ionicity of a semiconductor is an important factor that makes a general distinction
between covalent and ionic bonding in solids [32].
3.2. Electronic charge Density of the binary compounds ZnS and ZnSe
Total valence charge density of the semiconductor compounds ZnSe and ZnS at the high symmetry point Γ was
calculated. The profile and the contour of the electronic charge densities at the point  Γ  and for the sum of the four
valence bands of the binary compounds ZnSe and ZnS, are given in Fig. 2.
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It can be noted that these charge densities of show the same characteristics and each one is characterized by a
maximum of charges which is slightly moved towards the side of the anion. Another part of significant charge is
localized in the neighbourhood of the anion. On the level of the cation, there exists a very weak charge.
Table 3: Comparison of calculated and experimental transition energies (in eV), between major symmetry points in the valence and conduction
band semiconductors for zinc-blende ZnS. No spin-orbit effect is included. (Energy zero is at V15Γ ).
ZnS
Cal.
(a)
GW
(b)
GW-PP
(b)
LDA
(b)
FP-LAPW
(c)
TB
(c)
LCGO
(d)
SCOPW
(d)
PVMB
(d)
Autres
(e), (d)
Exp.
(f)
V V
1 15Γ − Γ -11.86 -12.57 -13.32 -13.08 -13.20 -12.87 -12.89 -11.77 -13.06 -12.69 -13.50
V V
1 15X − Γ -9.73 -11.37 -12.02 -11.79 -11.85 -11.14 -11.67 -10.29 -11.88 -11.25 -12.00
V V
3 15X − Γ -5.49 -4.66 -4.91 -4.69 -4.80 -6.63 -4.49 -3.93 -7.61 -5.09 -5.50
V V
5 15X − Γ -1.31 -2.24 -2.42 -2.25 -2.341 -1.03 -2.19 -1.61 -2.30 -2.13 -2.50
V V
1 15L −Γ -10.44 -11.68 -12.35 -12.12 -12.19 -11.69 -11.97 -10.66 -12.17 -11.5 -12.40
V V
3 15L −Γ -0.94 -0.89 -0.94 -0.88 -0.92 -0.50 -0.84 -0.61 -0.94 -0.91 -1.40
C V
1 15Γ − Γ 3.66 3.41 3.50 1.84 2.30 2.30 2.26 3.77 1.96 3.66 3.66
C V
1 15X − Γ 4.45 4.59 4.62 3.19 3.13 3.13 3.61 5.01 3.18 3.698 4.45
C V
1 15L − Γ 4.82 4.71 4.80 3.06 3.40 3.40 3.65 4.96 3.24 5.30 4.40
C V
1 5X X− 5.76 6.83 7.04 5.44 5.80 6.62 5.48 7.20 6.60
C V
1 3L L− 5.76 5.6 5.74 3.94 4.49 5.57 4.18 5.90 5.80
LCGO: Linear Combination of Gauss Orbital ; SCOPW: Self-Consistent Orthogonalized Plane Waves; PVMB: Potential Variation Mixed Basis ;
LDA: Local Density Approximation ; FP-LAPW: Full Potential Linear Augmented Plane Wave ; TB: Tight Binding ; GW: Green Wave ; GW-
PP: Green Wave Plasmon-Pole. (a) présent travail (b) Ref [27] ; (c) Ref [28] ; (d) [19] ; (e) Ref [29, 30] ; (f) Ref [18, 19, 26, 22].
The compound ZnSe and ZnS are slightly covalent since the electronegativity of the anions (1.79) and S (1.87)
[32] is larger than that of the cation Zn (0.91): In this situation, very attractive potential of the Sulfur and Selenium
(Se) atoms (S) with that of the Zinc atom (Zn) for the attraction of the valence charge. Thus a situation of creating
the heteropolar gap becomes very strong and, consequently, a very strong ionicity (ionicity of compound ZnSe; fi
(ZnSe)=0.630 is larger than the ionicity of compound ZnS; fi (ZnS)=0.623. According to the scale of Philips [31]):
from where a character of the ionicity is very marked. The rearrangement of charges during the formation of the
liaison, in the II-VI zinc-blende semiconductors is characterized by the fact that the charges desert the anti-liant area
associated with the element with column II move towards the liant area associated with the element with column VI.
3.3. Study of ternary alloy ZnSxSe1-x :
Semiconductor alloys provide a natural means of tuning the magnitude of the forbidden gap so as to optimize and
widen the applications of semiconductor devices.
The band-gap energy is known to be one of the most important device parameters because it is strongly
connected with the operating wavelength of the opto-electronic devices. To this purpose the dependence of the
fundamental energy gap on the alloy composition assumes particular importance.
For the study of the physical properties of ternary alloys, we use the VCA with and without disorder
compositional. However, recent experimental and theoretical studies on several semiconductor alloys indicate that
the VCA breaks down whenever the mismatch between the electronic properties of the constituent atoms exceeds a
certain critical value [33-35]. Generally, this discrepancy is attributed to the compositional disorder effect not taken
into account in the VCA [33, 36]. This has provoked an interest in understanding bowing factors, i.e. account for the
deviation from VCA in terms of the properties of the constituent compounds [37]. The method of optimization of
the empirical pseudopotential parameters used in the present study is the non-linear least squares method [38].
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In the case of the VCA, the form factors of the ternary alloy ZnSxSe1-x [39-41] are given by the following
equation:
ZnS ZnSeV(G) x .V (G) (1 x).V (G)= + − (4)
By taking account of the disorder effect, the form factors of the ternary system are given by the following expression
[12,13, 42] :
[ ]1/ 2ZnS ZnSe ZnS ZnSeV(G) x .V (G) (1 x).V (G) p. x(1 x) (V (G) V (G))= + − − − − (5)
where the parameter p which simulates the disorder effect is treated as an adjustable parameter. Since the third term
in Eq. (5) represents the compositional disorder effect, the value of p is set to be zero when the compositional
disorder is not taken into account. The lattice constant of the ternary alloy of interest (ZnSxSe1-x) is expressed by the
linear combination of the lattice constants between binary compound ZnS and ZnSe, the so-called Vegard law [14]:
x 1 xZnS Se ZnSe ZnS
a (1 x)a x a
−
= − + (6)
Table 4: Comparison of calculated and experimental transition energies (in eV), between major symmetry points in the valence and conduction
band semiconductors for zinc-blende ZnSe. No spin-orbit effect is included. (Energy zero is at V15Γ ).
ZnSe
Cal.
(a)
GW
(b)
GW-PP
(b)
LDA
(b)
FP-LAPW
(c)
TB
(c)
LCGO
(d)
SCOPW
(d)
PVMB
(d)
Autres
(e) , (d)
Exp.
(f)
V V
1 15Γ −Γ -11.14 -12.90 -13.66 -13.23 -13.0 -13.20 -12.67 -11.82 -12.86 -13.10 -15.2±0.6
V V
1 15X −Γ -9.32 -11.89 -12.51 -12.15 -11.81 -11.57 -11.55 -10.48 -11.79 -11.99 -12.5±0.4
V V
3 15X −Γ -4.94 -4.79 -5.09 -4.86 -5.391 -7.06 -4.69 -4.31 -4.82 -5.00 -5.3±0.3
V V
5 15X −Γ -1.08 -2.20 -2.38 -2.20 -2.29 -1.81 -2.16 -1.65 -2.20 -2.06 -2.1±0.3
V V
1 15L −Γ -9.91 -12.15 -12.80 -12.43 -12.11 -12.07 -11.83 -10.84 -12.06 -12.0 -13.1
V V
3 15L −Γ -0.98 -0.88 -0.94 -0.88 -0.91 -0.90 -0.85 -0.64 -0.87 -0.88 -1.3±0.3
C V
1 15Γ −Γ 2.82 2.37 2.46 1.02 1.72 1.72 1.83 2.94 1.45 2.69 2.82
C V
1 15X −Γ 4.49 3.92 3.94 2.79 2.80 2.80 3.18 4.19 2.88 4.86 4.49
C V
1 15L −Γ 3.92 3.68 3.76 2.31 2.73 2.73 2.91 3.79 2.63 3.96 3.80
C V
1 5X X− 5.57 6.12 6.32 4.99 5.34 5.84 5.08 6.92 6.00
C V
1 3L L− 4.90 4.56 4.70 3.19 3.76 4.43 3.50 4.86 4.91
LCGO: Linear Combination of Gauss Orbital ; SCOPW: Self-Consistent Orthogonalized Plane Waves; PVMB: Potential Variation Mixed Basis ;
LDA: Local Density Approximation ; FP-LAPW: Full Potential Linear Augmented Plane Wave ; TB: Tight Binding ; GW: Green Wave ; GW-
PP: Green Wave Plasmon-Pole.(a) présent travail (b) Ref [27] ; (c) Ref [28] ; (d) [19] ; (e) Ref [29, 30] ; (f) Ref [18, 19, 26, 22].
Table 5: Ionicity of the binary compounds ZnSe and ZnSaccording to Phillips scale.
Compound E0 (eV) V V3 1(X X )− (eV) Phillips Ionicity (fi) [31]
ZnSe 2.82000 4.37331 0.630
ZnS 3.65996 4.23864 0.623
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Fig. 2. Total valence charge density at Γ point of the binary compounds ZnSe and ZnS:
(a) profil along [111] direction ; (b) contour in the (110) plane.
3.4. Energy band gaps of ZnSxSe1-x
The computed direct band-gap energy EΓΓ as a function of the composition x for ZnSxSe1-x with and without
taking into consideration the compositional disorder effect is displayed in Fig. 3, The solid and dashed curves
indicate the quadratic least-squares fits to our results according to the relations:
2E (eV) 2.82 0.99 x 0.16xΓΓ = + − (without disorder) (7)
2E (eV) 2.79 0.23x 0.63xΓΓ = + + (with disorder) (8)
It can be seen that the variation of the gaps increases as function of the composition x for the direct gap EΓΓ
(Fig. 3-a) and indirect LEΓ (Fig. 3-c), but it decreases for the indirect gap XEΓ (Fig. 3-b). Note that as one goes from
ZnSe to ZnS and the VCA alone is used, EΓΓ changes monotonically, showing an optical band-gap bowing
parameter of -0,16 eV (the quadratic term in Eq.(7)). The latter is smaller in magnitude and has an opposite sign
than the experimental value of 0.63 eV reported by Ozaki and Adachi [43]. It indicates that VCA is no longer valid
and some kind of local order may exist in these alloys. The introduction of the compositional disorder (dashed curve
in Fig. 3-a) gives a new optical direct-gap bowing of 0.63 eV (the quadratic term in Eq.(8)) that is in very good
agreement with the experimental value reported in Ref. [43] suggesting thus that the compositional disorder effect is
essential for the variation of the band-gap energies of ZnSxSe1-x ternary alloys and should not be ignored. One may
also note that the band-gap bowing parameter of ZnSxSe1-x is smaller than that of InPxSb1-x [44]. This is thought to
be due generally to the lattice mismatch that is larger in InPxSb1-x as compared with that in ZnSxSe1-x. It is useful to
separate the observed bowing parameters exp tb into a contribution Ib due to order effects, which already exist in a
fictitiously periodic alloy, and a contribution IIb due to disorder effects [19], i.e. exp t I IIb b b= + . Ib has been
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described largely by empirical VCA models. In the present study, Ib is found to be -0,16 eV. Thus,
II exp t Ib b b= − = 0,79 eV. When compared with the values reported in Ref. [19], our Ib in magnitude is in good
agreement with that of Ref. [19], but differs in sign. However, our IIb is much larger than that estimated by Bernard
and Zunger [19] using a value of 0,46 eV for exp tb which is smaller than that used in our calculation.
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Fig. 3. Direct and indirect band-gap energies versus S mole fraction x, in the ZnSxSe1-x alloy system, without disorder () and with disorder
( - - - - ) : (a) ΓΓE , (b) XEΓ and (c) LEΓ All lines are fitted curves drawn using the least-squares methods.
By taking into account the compositional disorder effect, the curves for conduction Γ , X and L valleys are shown
in Fig. 4. The reference energy level being the top of the valence band, the curves EΓΓ ,
XEΓ and
LEΓ in Fig. 4 are the
quadratic least-squares fits to our results, giving the following expressions for the indirect ( XEΓ and LEΓ ) band-gaps:
X 2E (eV) 4.49 0.17 x 0.21xΓ = + − (without disorder) (9)
X 2E (eV) 4.47 0.19x 0.17 xΓ = − + (with disorder) (10)
L 2E (eV) 3.92 1.33x 0.44 xΓ = + − (without disorder) (11)
L 2E (eV) 3.87 0.51x 0.43xΓ = + + (with disorder) (12)
Note that the bowing parameters are significant and thus all the band-gap energies, namely EΓΓ ,
XEΓ and
LEΓ
change nonlinearly with increasing S content over the composition range 0-1. However, the rate of the variation is
different from each other. ZnSxSe1-x does not show a transition between the direct and indirect structures within a
whole range of the x composition. Hence, the absorption at the fundamental optical gaps is direct )( Γ→Γ over all
the composition range 0-1.
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Fig. 4. Direct and indirect band-gap energies versus S mole fraction x, in the ZnSxSe1-x alloy system: without disorder (VCA) and with disorder
(VCAA). All lines are fitted curves drawn using the least-squares methods.
3.5. Optical constants:
Based on the calculated band-gap energies for the ternary alloy of interest, the refractive index has been obtained
for each composition x in the range 0-1 by using the Herve and Vandamme`s empirical expression [45] :
2
g BE
A1n 






	
+
+= (13)
Eg is the fundamental band-gap energy.
with A=13.6 and B=3.4 eV. Here, ω << 0ω , where 0ω is the ultraviolet resonance frequency.
The optical high-frequency dielectric constant is then estimated using the relation:
2n
∞
ε ≡ (14)
Our results regarding
∞
ε for ZnSxSe1-x at various compositions x are given in Table 6. For comparison, the
available data in the literature are also reported. The agreement between our results and those of Ref. [43] is better
than 9%. The variation of the optical high-frequency dielectric constant against the S content is shown in Fig. 5. The
solid curve in Fig. 5 indicates the quadratic least-squares fit to our results giving the following expression for
∞
ε :
25.84 0.50 x 0.62x
∞
ε = − − (15)
The quadratic term in Eq. (15) is referred to as high-frequency dielectric constant bowing parameter. Its value is
important suggesting a nonlinear behavior of
∞
ε against x. Ozaki and Adachi [43] proposed a linear relation
between
∞
ε and x which is different from the nonlinear one obtained in the present work.
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Fig. 5. Optical high-frequency dielectric constant in ZnSxSe1-x as a function of S content. The solid line is the fitted curve drawn using the least-
squares methods.
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Table 6: Optical high-frequency dielectric constant (
∞
ε ) of ZnSxSe1-x for different compositions x.
∞
ε
Material
Cal. Others [43] Difference (%)
ZnSe 5.84 5.4 -8.15
90.010.0 SeZnS 5.78 5.37* -7.64
70.030.0 SeZnS 5.63 5.31* -6.11
50.050.0 SeZnS 5.44 5.25* -3.62
30.070.0 SeZnS 5.19 5.19* 0.00
ZnS 4.72 5.1 7.45
4. Conclusion
In this work, we studied some electronic and optical properties of the semiconductor alloy ZnSxSe1-x and there
binary compounds ZnS, ZnSe. In this study, the method used is that of the empirical pseudopotential (EPM) coupled
with the virtual crystal approximation (VCA), which shows a particular efficacy for the estimate of the direct gaps
EΓΓ and indirect
XEΓ and
LEΓ ; and the estimate of the bowing parameter. This last parameter was perfectly checked
by a comparison with the experimental and theoretical values. The other electronic properties obtained, such as, the
band structure, the electronic charge densities and the optical dielectric constant are in concord with the theoretical
and experimental predictions.
A summary of the key findings follows. (i). The contribution of the compositional disorder plays an important
role in the determination of the band-gap energies of ZnSxSe1-x. (ii). There is no crossover from direct to indirect gap
and hence the alloy of interest is a direct )( Γ→Γ within a whole range of the x composition. (iii). In contrast to a
linear-relation between the optical high-frequency dielectric constant and the composition x proposed by Ozaki and
Adachi, we found a non-linear behaviour of
∞
ε against x.
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